The gaseous plant hormone ethylene is perceived by a family of ethylene receptors and mediates an array of ethylene responses. In the absence of ethylene, receptor signaling is conveyed via the C-terminal histidine kinase domain to the N-terminus of the CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) protein kinase, which represses ethylene signaling mediated by ETHYLENE INSENSITIVE2 (EIN2) followed by EIN3. In the presence of ethylene, the receptors are inactivated when ethylene binds to their N-terminal domain, and consequently CTR1 is inactive, allowing EIN2 and EIN3 to activate ethylene signaling. Recent findings have shown that the ethylene receptor N-terminal portion can conditionally mediate the receptor signal output in mutants lacking CTR1, thus providing evidence of an alternative pathway from the ethylene receptors not involving CTR1. Here we highlight the evidence for receptor signaling to an alternative pathway and suggest that receptor signaling is coordinated via the N-and C-termini, as we address the biological significance of the negative regulation of ethylene signaling by the two pathways.
INTRODUCTION
Signal transduction of the gaseous plant hormone ethylene has been studied for more than 2 decades, mainly with the dicotyledonous model plant Arabidopsis, and a linear signal transduction pathway has been proposed ( Figure 1A ; Shakeel et al., 2013) . In the absence of ethylene, the ethylene receptors at the endoplasmic reticulum (ER) are active, and the docking of CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) at the receptor histidine kinase domain facilitates CTR1 activation by unknown mechanisms. Serine/threonine kinase activity of CTR1 (Huang et al., 2003) results in phosphorylation of the C-terminal domain of ETHYLENE INSENSITIVE2 (EIN2; . This phosphorylation prevents the EIN2 C-terminal domain from moving into the nucleus, and thusly prevents ethylene signaling. With ethylene binding to the receptors or in the absence of the receptors, CTR1 cannot be activated to phosphorylate EIN2. Underphosphorylated EIN2 undergoes proteolytic cleavage by an unknown mechanism to release a nuclear localization signal (NLS)-containing C-terminus, which enters the nucleus to mediate signaling to the EIN3 and EIN3-LIKE1 (EIL1) transcription factors. Such factors directly activate an array of primary ethylene response genes, including the ETHYLENE RESPONSE FACTOR1 (ERF1) transcription factor gene (Chao et al., 1997; Solano et al., 1998; Qiao et al., 2012; Chang et al., 2013) .
This model illustrates a framework of ethylene signaling; however, the dynamic fine-tuning of ethylene signaling remains to be fully addressed. One question we have been focusing on is a pathway that does not involve CTR1, as proposed 16 years ago (Hua and Meyerowitz, 1998) . The finding that expression of the ethylene receptor ETHYLENE RESPONSE1 (ETR1) N-terminus represses ethylene signaling without involving CTR1 reveals an alternative pathway that greatly represses ethylene signaling (Gallie, 2012; Qiu et al., 2012) . In this perspective article, we highlight studies that have revealed this alternative pathway for receptor signaling and discuss the dynamic coordination of the two pathways in negatively regulating ethylene signaling. We also discuss other alternative pathways that were have been previously suggested.
EVIDENCE FOR ETHYLENE RECEPTOR SIGNALING NOT INVOLVING CTR1
Results from various studies imply that ethylene receptor signaling could be in part independent of CTR1. The ctr1-1 mutation, encoding a D694E substitution, reduces CTR1 kinase activity to approximately <0.1% that of the wild-type activity and ctr1-3, encoding an R435STOP early termination, has a stronger phenotype than ctr1-1 and the putative ctr1-3 protein does not have the kinase domain (Huang et al., 2003) . The weak in vitro kinase activity of ctr1-1 that was detected could be due to the residual activity with the D694E substitution (Huang et al., 2003) , nonspecific phosphorylation, or a possible trace amount of kinase contamination during protein purification. Both ctr1-1 and ctr1-3 are responsive to ethylene treatment, indicating that ethylene (ETR1), is mediated via the histidine kinase domain to CTR1 to phosphorylate EIN2 residues S645 and S924, and EIN2 is retained at the endoplasmic reticulum for degradation mediated by the F-box proteins EIN2 TARGETING PROTEIN1 (ETP1) and ETP2. Ethylene signaling mediated by EIN2 to the nuclear EIN3/EIL1 is inhibited, and EIN3 and EIL1 undergo degradation mediated by the F-box proteins EIN3 BINDING F-BOX PROTEIN1 (EBF1) and EBF2. (B) "Default" ethylene signaling by EIN2. Without the receptors (in the receptor quintuple mutant), EIN2-mediated ethylene signaling fully occurs and the mutants produce an extremely strong constitutive ethylene response phenotype. With the receptors, a portion of EIN2 could be underphosphorylated, presumably because of interconversion between the phosphorylated and underphosphorylated state or incomplete phosphorylation by CTR1, and cleaved to potentially activate ethylene signaling. (C,D) Ethylene signaling suppression by the receptor N-terminus: (C) With the receptors, the "default" ethylene signaling mediated by EIN2 can be repressed in part by the receptor N-terminal signaling (red line), regardless of CTR1 docking. (D) Ethylene binding or docking of a kinase-inactive ctr1 at the receptors inhibits the receptor C-terminal signaling, and the cleaved EIN2 C-terminus is translocated to the nucleus to induce EIN3/EIL1-directed expression of ethylene response genes. The N-terminal signaling is also inhibited (red dotted line), and the inhibition of EIN2-mediated signaling is largely alleviated. Components involved in the receptor N-terminal signaling remain to be identified. AHP1 and EIN2 are proposed to be involved in the CTR1-independent pathway because of their interaction with ETR1, and AHP1 also mediates cytokinin signaling.
receptor signaling can be mediated bypassing CTR1 (Larsen and Chang, 2001) . A reciprocal evidence is the stronger constitutive ethylene response phenotype of the Arabidopsis quadruple and quintuple mutants (respectively, lacking 4 and 5 of the five homologous ethylene receptors) compared to the ctr1-1 mutant (Hua and Meyerowitz, 1998; Liu et al., 2010) .
It was considered that the loss of multiple ethylene receptors could impact seedling growth, and the severe mutant phenotype might not be solely due to strong constitutive ethylene responses (Hua and Meyerowitz, 1998) . Nevertheless, the possibility of an alternative pathway was supported by experimental evidence showing that expression of ETR1p:etr1 1−349 , which encodes the ETR1 N-terminus (residues 1-349) lacking the CTR1 docking site, largely rescued the ctr1-1 and ctr1-2 mutant phenotypes and reduced the ERF1 transcript level. The ctr1-2 allele has a 17-bp deletion and probably encodes a truncated protein with 462 residues (Huang et al., 2003; Qiu et al., 2012) , which was not immunologically detectable at the molecular-weight position of wild-type CTR1 (Gao et al., 2003) . Ethylene insensitivity conferred by the dominant etr1-1 mutation was prevented by ctr1-1, whereas expression of ETR1p:etr1-1 1−349 in ctr1-1 conferred ethylene insensitivity. Moreover, expression of an ETR1p:etr1 1−349 transgene in the etr1-1 ctr1-1 double mutant largely restored ethylene insensitivity conferred by the etr1-1 allele, revealing the role of the ETR1 N-terminus in receptor cooperation and signal output without involving CTR1. Consistently, the ctr1-1 allele prevents ethylene insensitivity by other ethylene-insensitive receptor genes, and ethylene insensitivity was restored to various degrees by the wild-type ETR1 N-terminus (Gallie, 2012; Qiu et al., 2012) .
The CTR1 N-terminus is a regulatory domain that physically interacts with the ETR1 C-terminal histidine kinase domain (Clark et al., 1998) . Excess CTR1 N-terminus (residues 7-560) generated by expression of a 35S:CTR1 7−560 transgene, lacking the kinase domain, most likely occupies the ethylene receptors and prevents the normal receptor signal output, and the overexpressor (CTR1-Nox) consequently shows the typical constitutive ethylene response phenotype (Huang et al., 2003; Qiu et al., 2012) . These studies define a role of the CTR1 N-terminus in receptor docking to mediate the receptor signaling to the CTR1 C-terminal kinase domain. However, there is more to this story. The constitutive ethylene response of CTR1-Nox was largely rescued by expression of the ETR1 N-terminus. etr1 1−349 lacks the CTR1 docking site; without the docking of CTR1 N-terminus, the receptor N-terminal signaling may be mediated by an alternative pathway .
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Another line of evidence for the alternative pathway may come from studies of ctr1-8. In contrast to CTR1, which associates with ethylene receptors at the ER membrane, the ctr1-8 protein (with a G354E substitution) does not associate with ethylene receptors and is detected in the cellular soluble fraction (Gao et al., 2003; Huang et al., 2003) . With these features, theoretically ctr1-8 cannot be activated by the receptors to phosphorylate EIN2, thus resulting in constitutive ethylene responses. However, the ctr1-8 mutant has a relatively mild constitutive ethylene response phenotype as compared with ctr1-1 and ctr1-2 . Given that ctr1-8 has a wild-type kinase domain, the weak phenotype could be due to some ctr1-8 protein (below the limit of detection) still associating with the receptors to repress ethylene signaling. This scenario, however, is not supported by the result that overexpressing the N-terminus of wild-type CTR1 but not ctr1-8 increases ethylene sensitivity (Huang et al., 2003) ; whether the mutant ctr1-8 protein can still mediate receptor signaling is yet to be determined. Thus, the weak ctr1-8 mutant phenotype could indicate suppression of ethylene signaling by the receptors without involving CTR1.
There are two models for an alternative ethylene signaling pathway, based on evidence from biochemical studies and protein-protein interactions. (1) Ethylene binding to the receptors results in the dynamic dissociation of CTR1 from, and association of EIN2 with, the receptors; in this case, the ethylene receptors might directly mediate ethylene signaling to EIN2 Groth, 2010, 2011) . (2) Ethylene binding also facilitates the dissociation of the ETR1-interacting phosphotransfer protein ARABIDOPSIS HISTIDINE-CONTAINING PHOSPHOTRANSMITTER1 (AHP1) that is phosphorylated by ETR1 prior to ethylene binding (Scharein et al., 2008; Scharein and Groth, 2011) . A conjectured two-component signaling model was proposed for ethylene signaling mediated by the receptors via AHPs to type B response regulator proteins known as ARABIDOPSIS RESPONSE REGULATORs (ARRs; Shakeel et al., 2013) . S-nitrosylation of AHP1 Cys115 inhibits protein phosphorylation and subsequent phosphotransfer to ARR1, thereby suppressing cytokinin signaling (Feng et al., 2013) . A complex formed by the two-component histidine kinase ARABIDOPSIS HISTIDINE KINASE5 (AHK5) and AHP1 is involved in a variety of biological processes (Bauer et al., 2013) . Thus, AHP1 might differentially mediate signaling from various upstream histidine kinase proteins.
ALTERNATIVE PATHWAY SUGGESTED BY ctr1-1 EIN2/ein2
In a genetic screen for suppressors of ctr1-1, we isolated ctr1-1 EIN2/ein2, which showed a weaker constitutive ethylene response phenotype than ctr1-1 (Figure 2) . That is, with ethylene treatment, seedling hypocotyl elongation of this mutant (with ein2 heterozygous) was inhibited to a lesser extent than that of ethylene-treated wild-type (Col-0) seedlings, with the ctr1-1 ein2 seedling hypocotyl elongation unresponsive to ethylene (Figure 2A) . Light-grown ctr1-1 EIN2/ein2 seedlings produced a weaker growth-inhibition phenotype than ctr1-1 with or without ethylene treatment, while ctr1-1 ein2 seedling growth was unresponsive to ethylene ( Figure 2B) . The transcript level of the ethylene-dependent ERF1 gene in the ctr1-1 EIN2/ein2 mutant was slightly higher than in the ctr1-1 ein2 double homozygote but much lower than in the ctr1-1 mutant alone, and ethylene induction of ERF1 expression was higher in ctr1-1 EIN2/ein2 than ctr1-1 ein2 but much lower than in the wild type ( Figure 2C) .
Sequence analysis revealed that a G1440A transition mutation caused a W308stop early termination of EIN2 in the newly isolated allele. The allele could conceivably produce a truncated EIN2 protein lacking the C-terminus for ethylene signaling and is likely a loss-of-function mutation. With a single-copy of wild-type EIN2, the EIN2 protein level in ctr1-1 EIN2/ein2 may not be sufficient to fully induce the ethylene response to the same degree as ctr1-1. The mutation could be recessive or partially dominant because www.frontiersin.org the heterozygote but not homozygote was responsive to ethylene. An important finding is that the ctr1-1 EIN2/ein2 mutant appears to be slightly responsive to ethylene (Figure 2) . This slight responsiveness to ethylene could reflect a pathway that does not involve CTR1. Without an alternative pathway to activate the wild-type copy of EIN2, the ethylene response would not be expected.
We therefore propose that ethylene binding could prevent the receptor N-terminal signaling so that ethylene signaling is relieved from suppression. Alternatively, ethylene signaling could be mediated by the receptors via AHPs to ARRs or directly to EIN2 (Bisson and Groth, 2011; Scharein and Groth, 2011; Shakeel et al., 2013) .
SIGNIFICANCE OF THE ALTERNATIVE PATHWAY IN ETHYLENE SIGNALING
Gene function can be partially inferred from the phenotype of loss-of-function mutants, and the effects conferred by different lesions of a gene may differ. The role of the alternative pathway in ethylene signaling could be minor given that ctr1-1 and ctr1-3 are slightly responsive to ethylene (Larsen and Chang, 2001) or the mutant ctr1-1 protein retains a trace of kinase activity (Huang et al., 2003) . In contrast, the constitutive ethylene response phenotype is stronger in the ethylene-receptor quintuple mutant than in the ctr1-1 mutant . The findings that ctr1-8, ETR1p:etr1 1−349 ctr1-2, and ctr1-1 EIN2/ein2 have a much weaker constitutive ethylene response phenotype than ctr1-1/ctr1-2 suggest that the role of the alternative receptorsignaling pathway seems to be more pronounced than previously thought.
We explain these two conflicting interpretations for significance of the alternative pathway as follows. The inhibition of receptor signaling by the full-length receptors but not the truncated ETR1 N-terminus with expression of excess CTR1 N-terminus (Huang et al., 2003; Qiu et al., 2012) implies that the docking of a kinase-defective CTR1 protein at the receptors could inhibit the receptor N-terminal signaling to the alternative pathway . Conceivably, ctr1-1 and ctr1-2 could dock at the receptor C-terminus to inhibit the N-terminal signaling. In ctr1-8, the receptor N-terminal signaling to the alternative pathway is not inhibited, and the mutant produces a weak phenotype while being fully responsive to ethylene treatment that inhibits the N-terminal signaling. ETR1 and CTR1 may dissociate, with the Kd for ETR1-CTR1 interaction to be determined; the N-terminal signaling may not be fully inhibited by kinase-defective CTR1 proteins so that the constitutive ethylene response phenotype is weaker in ctr1-1 and ctr1-2 than the quintuple mutant, with ctr1-1 EIN2/ein2 responsive to ethylene.
Whether the truncated ctr1-2 protein could dock at the receptors and ctr1-8 could mediate receptor signaling are to be demonstrated. More lines of experimental evidence are required to reveal the significance of the alternative ethylene signaling via the receptors to EIN2 or AHP1.
DYNAMIC ETHYLENE RECEPTOR SIGNALING VIA THE C-AND N-TERMINI
A proposed model for the dynamic receptor ethylene signaling via the two termini is described in Figure 1 . The model explains the following scenarios. (1) In the receptor quintuple mutants, the default "ethylene signaling" mediated by EIN2 is not affected because of the absence of the receptor C-and Nterminal signaling, and the mutant shows an extremely strong constitutive ethylene response phenotype ( Figure 1B) . (2) ctr1-8 does not dock at the receptors, and the N-terminal signaling is not inhibited; although the EIN2 C-terminus is theoretically released, ethylene signaling is nevertheless inhibited by the receptor N-terminal signaling, so that ctr1-8 shows a relatively weak constitutive ethylene response phenotype ( Figure 1C) . (3) In mutants defective in CTR1 kinase activity (i.e., ctr1-1 and ctr1-2), the mutant CTR1 proteins dock at the receptors to inhibit but not fully prevent receptor N-terminal signaling, whereas the EIN2 C-terminus is released for ethylene signaling ( Figure 1D) . Thus, the ctr1 mutants produce a typical ethylene response phenotype that is weaker than the receptor quintuple mutant phenotype. (4) In ctr1-1 EIN2/ein2, receptor N-terminal signaling is inhibited; however, it is still sufficient to repress in part the ethylene signaling that is mediated by the EIN2 C-terminus, which exists at a reduced amount. Thus, the heterozygote shows a weaker phenotype than ctr1-1. Ethylene treatment inhibits the receptor N-terminal signaling, and the mutant is ethylene responsive.
CONCLUSION AND REMARKS
Little is known about the components involved in the possible alternative pathway of ethylene perceived by ethylene receptors and mediation of receptor N-terminal signaling; mutants isolated from an ongoing suppressor screen in our laboratory for ETR1p:etr1-1 1−349 ctr1-1 could potentially isolate the involved components. The isolation of several ENHANCED ETHYLENE RESPONSE (EER) genes suggests a resetting mechanism damping ethylene signaling by components involved in various biological processes (Larsen and Chang, 2001; Robles et al., 2007; Christians et al., 2008; Deslauriers and Larsen, 2010; Lu et al., 2010) . REVERSION-TO-ETHYLENE SENSITIVITY1 (RTE1) is an ER-and Golgi-associated protein facilitating ETR1 receptor Nterminal signaling (Resnick et al., 2006; Zhou et al., 2007; Gallie, 2012; Qiu et al., 2012) , with its functions involving cytochrome b (Chang et al., 2014) . The RTE1-cytrochrome b interaction may have a role in the alternative pathway. Unlike the ETR1 N-terminal signaling, the conjectured two-component signaling via AHPs and ARRs (Scharein and Groth, 2011; Shakeel et al., 2013 ) is presumably mediated via the receptor C-terminal histidine kinase domain. With a long half-life for ethylene binding to the receptors, a desensitizing mechanism is expectedly required for sustained AHP1 phosphorylation and dissociation from ETR1 and for EIN2 recruitment for ethylene signaling. The possibility for regulating ethylene signaling by multiple pathways or components is therefore likely.
Ethylene receptor signaling via the C-and N-termini could act independently, with distinct signaling components and targets; alternatively, the signaling could be mediated to different components, converged at the same signaling component, and sharing a common downstream pathway. EIN2 might mediate ethylene signaling via the receptor N-terminus because ETR1 and EIN2 physically interact and a single copy of the ein2 G1440A allele Frontiers in Plant Science | Plant Physiology partially suppressed ctr1-1; evidence for an interaction of ETR1 Nterminus with EIN2 is required to strengthen this scenario. EIN3 and EIL1 are the prime transcription factors responsible for inducing an array of ethylene response genes (Chao et al., 1997; An et al., 2010; Chang et al., 2013) . The two pathways could converge and share a common signaling pathway that involves EIN3 and EIL1.
The signaling components may be dynamically present in a pathway for an immediate response. EIN2 could be present in a steady-state interconversion between the phosphorylated and underphosphorylated state in the absence of ethylene treatment; alternatively, a small portion, but not most, of EIN2 could escape the phosphorylation by CTR1 to ensure immediate ethylene signaling. Conceivably, a level of constitutive ethylene signaling could occur, if not repressed, to trigger stronger ethylene signaling. Alternative receptor signaling could have a role in minimizing degrees of the basal-level ethylene signaling. The two-level control may facilitate a dynamic fine-tuning of ethylene signaling in response to a wide range of ethylene concentrations.
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